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Induced electromotive force ( emf ) 
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Magnetic Circuit with two coils : 
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Properties of Magnetic Materials 


( Iron is a popular example ) 
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Magnetic Hysteresis 
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Magnetic Flux Leakage 
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Magnetic Flux fringing 



A c = xy 

Ag = (x+ 2 Ig) + (y+2lg) 
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Energy Stored in the magnetic field 
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Magnetic Core Losses ( Iron Losses ) 
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Ch2 : Magnetically Coupled Coils 
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Experiment : Measurment of turns ration of the coupled coils 
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Ch 3 : Principles of electromagnetic energy conversion 
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Single Excited 

Double Excited 

Multiply Excited 

As* jl C_aLa Q C- 6^)LjC> 

*-* member J' da.1 (> cjULII 
rotor Jstator a'j-* 

^jA^o^a jl ^)-dJ ^aAA^J j 

A^.1 j ^ All jll 

As- jl C_fiLa q C- 6^)t_JC> 

Jlj stator J' ^ cjULII 
j! jjjj'il Im rotor 

j single j^-a* 

double 


B) 




Small signals 

Force producing devices 

Continues Conversion Devices 

scale J' uj^ 

6^ jAa. ^ j A-ila^. JaxJ 

P (JjIjoiII ^^ill 

1 <a ^JAxx ^jJaidbc 

-Ul&jl translational motor 

^glllillj^ Aj^lfi O^Q-jjabO 

(jjfLij ^ull J ^ t5 Hjlbj 

Limited tiAiLaaSI j ■ ■■ » laa. 

rotating ls^j 

^ limited 

Ex: Solonoid values 

jUu?! Jai 

Examples : conductors 
relays linear motot 

r= r.tf . » > . 

z:::?7* v. 

relays loud speaker 

J= jjW ^ <j^j Relays 


“ "V 1 '" ' 

p 

\ 

X^.^;.. 

Linear J' rotating c> u^j 

‘La.^all (J j^ll dl jUakll (JlLo 


C) Analysis 

AjjJa\j^)ll j AjjUjjill dli!>UJl (j* £ A jjl 3 lW-*^ (jg$ ^gk 


Electrical relations 

Mechanical Relations 

Conversion Relations 

-Ohm's Law 

- Newtons laws 

Faraday Lenz ( magnetic ) 

- Kirch offs Law 

F=ma 

v e jj| 

dX 

e = — — 
dt 

cllalLaLall Jjil &d£>la! 1*JJ 

/Al (. Lboball ^Jjd£ljU 


T=j dw/dt 







1- Single excited system L 


Weynh-er (j (jdt> 


^*4^ ttS 4 ^ J ^ i 1 1 

I o Lwlc ) |_>-i 6 -a_^J ) a V. 

(j&J J(i (faJ^Ji , *£_-■ f (j OyL^p. ij^ <5 jls> J» J _...._ .... 

- i* 4-VjJl-J wUUJJ f c_i <u-m fjui cJjJiJm St I 


-= > ^- > « ■ ' ■ ;«*» I ciil^L^f 0-2- 'o/^t-z- L 'j-!sJjjS 4 ^ < . ,'fo)0 

t — > oi-°^ Lo ^A-c-^ I o 3 'n O l (3pL^-> 5 O ^^9 I L^o Qci-i) 

O L^ftJ 4/ L**j jAj> £o 0 c.^-* 

O^-L i-J *_UJ *L^o'l±> air g cub ^p^xLuii) c(j 

■ j y In» b& di> J^CX> ^ I Cijd 

j — j * (^J-^ l cJlsJu)^ ^Ul>£>-Jj_9 

c m ui r> cu Y §) a b g 4 ,ai 

=^^=?g— 1 . A - Yo^ojr 



i X± Lm > >A-i 0 jJ>Jb Q «t> SicUor i>\ Oe^JLs 

CO LmL*/ j£J 

.„ % (j) ^UwLj c^ 5 -^ jLJl oLsCxl o^£? 



DC Excitation 


Single excited system 



If e has a value then / = — - 

R 

L 

R = ^r 

M 0 Ag 

rotor J' ^=^1 tjc. reluctanceJ 

l - — 

Mo A g (8) ’ ~ R 

at 6 = 0 -> Rmin -* L Max 
at 0 90 * ^Max * ^Min 



e — 


dA(8, i ) 

dt 


X — L (0)i 



if AC 


jUUI jjlSj vJujuuu RJI jjiflj uujuw 


di 

e = L ~r 

dt 


+ 


static transformer 


dL di dL dO di . dL dG 

1 dt dt + 1 dt dG dt + 1 dG dt 

dynamic speed voltage sta tic transformer dynamic speed voltage 


di 

L — 

dt 


+ 


dL . 
i — G 
dG 


di 

L — 

dt 


+ 


dL 

i — a) 
dG 


KVL v-e =0 therefore e=v 


v — IR + e 


V = V t + Vf 

Ajjlj L JJ J&JA \/ f j Jl 

L Jl Vj ajjIj air gap Jl cPl _^ a -*l rotor Jl 


( Ajljiauil rotor Jl ) <JIj L Jl ^Ila. ^ 


e 


static transformer 



jl single J ^ uu's j j > Jl £y* uj^ j uj^ V ciAiLall 

rotor Jl c3js ^1 j I $ Wy kuunll j£l j 3=phase 



k 





stator rotor coil 2 ^ 


M{e) = k^L li {Q)L 22 {e) 

^i( ii> ^2 < $) = ^iiA + M i 2 
^2(^1<^2>^)~ ^22^2 "I" M li 


Transform 


Speed Voltage 


du dL-,-1 di 2 dM du di 2 dL-n dM 

Lll ~di +il Hf 01+M li + i 2 ~de w = Lll !t +M Ht +il ~M a, + i 2 le 0> 


Transform 


Speed Voltage 


cZ i 2 cii 1 clLi'^'z dM 

” 2 = t22 dF + M dT +i2_ de"“’ + il ds < " 


dAi jq^ ^»^\1 0^) jj-a ^Llij /j-q JiLcj j 




A = L ( 0)1 





o f 



-f i. ( e i r 

1/ &) f I ^ >J 

--Cir r^... 


+/a Mt 



^^4 y I/* 


i 

t 

j 




H -r ll 




dL(e) 

V = p(IL (0)1) = L (0)pD +o>— / 

do 

For douply excited translational system 

dL fx) 

¥ = p (L (x)E ) = L (x) p E 4- x — - — / 

ax 




For multiply excited systems 


L 


1 



- , t - _*£ tJr H 

/ f f -r 1 /■ 

- 

1(6) 

1 



A 


- - - 'run \ 


>' 


C ] 


^ Tt 

m (T 



*«trf 

iw 1 1 

t -7 *\ 

jaj ■'/ - i . 

KYI irt 

il 

mo** 

^ ? 3 

VY\ m 

i 

j 1 1 

m'l ^ 5 

ja/i 


1 


v=r Cj t U 


Conservative systems 


Total 

Fltcwrc. 




Cl ecfy'c 

->r 


ex 


f *i'ef93 

JUrtMlc 

Fnet 


^Hr' l "'^ n - - l> ^**k***«J 

f<«( ' T"^ 


rsg 




v 


>i/ 



to ss*p 


loss?, ** c «Vrtnt 


w e = w> M + 


v + e = 0 


u = — e = 


dA 

dt 


W e = J vi dt = 


I 


dA 

— — i dt = 

dt 


I 


i dA 


A = Li 


••• dVK e = i L(0)di + i 2 


dL(0 ) 
d6> 


dd 


Conclusion : Electrical Energy depends on 

Inductance Variation 
Current Variation 


Fixed System ( Fixed Position ) 

No Mechanical Energy W e = 

If current changes from il to i2 

rX 2 

W e = = I i dA = Area ( bacd ) 

For linear i = £ W /w = / J dA = ^- [A| - A?] 
foril=0 Wf td = ^-A 2 = ^Zd 2 = “ Ai 



J. 





Variable System ( Variable Position ) 


V, 


very slow 






f 

I . i * 


Mechanical Energy 


w f 


w f 


f Al 

1 Jo 

,-r 

J o 


i dA = Oado 


i dA = Obeo 


kWfid — Wfia 2 — Wfia 1 — obeo — oado 


We 


r A 2 

1 

Jx, 


dA = abeda 


W m = W e — kWfi d = abeda — obeo + oado = Oabo 
for linear system 

W e = (A 2 - A, )I S ;A W fld = [ \dA = [ 1 idA = ^I s [A 2 -A 1 ] 

Jq Jo Z 


W m = W e - A W fld =-I s [A 2 -A 1 ]=- 


l 2 l ± 



Coenergy 


It's a mathematical expression that facilities the calculation of Torque 
Graphically : it's the area under the curve 
W/ ld = [ 2 Adi 

Where: W fld + W} ld = iA for Linear W fld = W’ fld = \AI = \ll 2 = ± 


Wfid - W fld n 
i = — ; X = — 7— G const 


T = - 


dX 

Wi 


di 


fid t ^ _ Wf td 


dG 


X const = 


dG 


i const 


Linear Torque from energy and co energy 


Energy 

CoEnergy 

1 A 2 1 _ 
Wf ld =- L =-4> 2R 

, 1 7 1 (Ni) 2 

fLd 2 2 R 

1 „ d.L 1 , dR 

T = A 2 = (b 2 

2 dG 2 dG 

1 9 dL 1 , d 

T = ~ 1 2 — =- (NO 2 -T- 

2 cLO 2 7/j f -L \ 

de W 


The direction of Torque tends to : 


Increase the coenergy of a constant current 
Decrease the stored energy of a constant A 
Increase the inductance 
Decrease the reluctance 




For Multiply Excited System 


i T = [h i 2 ... i n ] 
A T = [Ai A 2 ... A n ] 

^ k = + ^k2 H H 

W /w = Hy w =ii r A 


Where A = Li 








*-lT 

m i-t 


™*A 1 

I 

^ 1 * 

U'i 



L*l 

1 ^Hi 


L * 3 

1 


VY1 n | 


m* j 






J 


w; ld = ^i T Lm 

. T = ^m = i . r d_m , 
aa 2 1 de 1 


Rotating 

Translating 

T 

F 

9 

X 

co = d9/dt 

v = dx/dt 

<35 

t-H 

II 

W = Fx 

p = r w 

P = Fv 


Ch4 :General Torque Expression 


For this system the torque expression 


, , 1 7 dL 

Tm = -ii 


11 , 1 , 2 ^^22 , . . 

de~ + 2 h ~de~ + hl2 le 


As: 


The stator sclf-inductance Ln “ Lu o + Ltimcos (29) 

The rotor self-inductance La - Ljj a + Lam cos (20) 

The mutual inductance between the stator and rotor coils 
M M^cos (0) 


^ — ©■ 



Figure 4-1 Doubly-excited single-phase rotating SyitCni With 
double-saliency 


At steady state 6 = Pco m t = co m t and assume t = 0 , 9 = 0 

For P pair poles 
9 = Pco m t 


Lll = ^1 lv + 1] COS (2 f ) 

■La = +■ Lnm COS (2 f) 

M [fWf, f) 


[], = hmcos (t)j f + i^ii) stator , 

(3 - femCOS (02 t + o:) rotor 

Subs in torque equation : 

T (t) = cos 2 (co-tt + <p 1 ) sin( 2 Pa> m t) 

-llm L 22 rn cos 2 (co 2 t + 0 2 ) sin( 2P(x) m t) 

-kmhmMm cos((o ± t + (pjcos^t + 0 2 ) sin( Po> m t) 

1 

Cos 2 (X) =- (1 + COS2X) 

Cos(v4) cos(B) = cos(i4 + 5) + Cos(i4 — B) 




no 


T(t) = 


1 2 £ 

im_jAm ^ _j_ cos ^2aj 1 t + 20 -l)) sin( 2 Poo m t) 

'2 L 

2 m_ 22 m ^ _j_ cos (2a) 2 t + 20 2 )) sin( 2 P(O m t) 

hmhm M m + W2 )t + 0 X + 0 2 ) +(c05:((a> 1 - W 2 )t + 0 X 

- 0 2 )) sin( Pw m t) 


S/’n Jl ojJai. 


Finally : 




sin(2Pty m f)+isin{(2£yj + 2P(D m )t + 2p< } 


-isin{(2^-2Pa> m ) + 2^K 

» * 

_ / 2 ^ Z - 22 m i [ s j n (2/>a>j) + i sin{(2o, + 2Po„ V + 2a ; } 

-|sin{(2^ 2 -2/ , c7 fy: V ^ 2 p : j I 


[hn^_ 2 m ^\f _r n ax_ f S i n l -f fl > 2 + Pa> m )f + Pj 4 - £?-, ) 

4 

- sin{ (<y 1 + <y 2 - P<y m V + pj + <p 2 } 

+ sin{ (pj -Q ) 2 + ^ + Pj - p 2 } 

- sin{ -o 2 - Po m )t + p, - <p 2 }] 


4 conditions when the average is not 0 ( unidirectional Torque) 


Condition 1 

Condition 2 

Torque due to rotor saliency 

Torque due to stator saliency 

= ±^j- provided thato^O 

' 

to m =±-± provided that 0 

| ■ P 

j2 r 

Tn " ± l"ll n 5in(2pr) 

1 4 

U 1 U J 

T „ = ± iLh2iL sin ( 2 ^) 

Condition 3 

Condition 4 

Torque due to mutual coupling 

Torque due to mutual coupling 

L = ± — provided that (o- -c: j= 0 

(ty, - ) 

£D„ = ± ' - provided that (fi - fa 0 

P 

4 

siafa’-y;) 


Conditions 1,2 : Saliency Torque it requires saliency or inductance variation 
conditions 3,4 : Mutual Torque requires 2 mutually couples 

For energy conversion it depend on one of the previous conditions 


MACHINES 


1- Salient Pole Synchronous machine : 



w; 


Figure 4-2 Salient-Pole Synchronous Machine 


Stator : Cylindrical Excitation : AC (co^ 

Rotor : Salient Excitation : DC (a) 2 = OJ 
Rotor connected through carbon brushes on slip rings 


Achieved conditions (1),(3),(4) 


0) 1 

^ m i p 


T = + 

1 av 


1U1 


•sin(2 0 X ) + 


1 1 }}i I'l f! i~ id A 


-sin^i) 


2- Cylidrical Rotor synchronous machine 



Figure 4-3 Cylindrical-Rotor Synchronous Machine. 

Stator : Cylindrical Excitation : AC 
Rotor : Cylindrical Excitation : DC (co 2 = OJ 

„ . ^lm^2dc^Max . , , \ 

T av = ± 5111 ( 0 !) 


3- Relcutance Machine 



Stator : Cylindrical Excitation : AC ( co 

Rotor : Salient Excitation : NO COIL NO EXCITATION 


T = 

1 av 


l\L 


11 m 


sin (20 -l) 


4- DC Machine 


Stator : Salient Excitation : DC 
Rotor : Cylendrical Excitation : DC-> 

comm-> AC) 



Commutator : mechanical rotating 
rectifier 

Disastvantage : commutator and brushes 
wear out 

In the synchronous its better because the 
problems of current flow between fixed 
and rotating part are reduced 


Jr 


— E 



Side view 

Figure 4~S DC machine 


5- Induction Machine 


Stator : Cylindrical Excitation : AC (cof) 

Rotor : Cylindrical Excitation : no excitation coil short circuited 


The rotor coil has induced emd which will has frequency 

0>2=*>1- Pu m 

••• it satisties condition 4 


T = 


hmhm^m 


sin(0i - 0 2 ) 


Ch: 5MMF Space Distribution 


If we fourier analysis for concentrated DC single cod MMF it will change only in 0 

n Ni 

F = — — cos 9 
4 2 

for distributed DC single cod MMF it will change only in 0 and have kw 
F = ^ y k w cos 0 ; the peak for each coil alone F = y * i 
for distributed AC. single phase MMF it will change only in 0 and have kw 


n NL 


F = — — k w cos 6 cos cot = F pm cos 0 cos cot = [cos 9 — cot + cos 9 + cot] 
4 2 2 


It has 2 compinents +ve and -ve so it's called Pulsating, they have the same magnitude in 

opposite diretions 

for distributed AC three phase MMF it will change only in G and have kw 


la = Im cos 0 )t -,I b = I m cos wt — 120 ;I C = I m cos wt + 120 
F t = F pm cos 9 cos wt + F pm cos 9 cos wt — 120 + F pm cos 9 cos wt + 120 

3 

" F t = 2 F pm COS (0 - 0)t ) 




A rotating eave travelling on the positive position with a constant magnitude 3/2 Fpm with a 

speed of the angular frequency (w) 


Note : N 


60 / 

“ p - 

2 


If we wound on the rotor or stator no difference 
If the 3 phase sequence reversed the torque will be reversed 


K w = K P K d 
Kd distribution factor : 


Because the coils of the same phase are spatially displaced from each other the induced emfin 
them are not in phase which makes as to get the summation vectorially not arithmetically so 
the voltage induced in phase consisting of N turns has to be reduced by 


K d = 


Vectorial sum of voltages of varoius coils of same phase 
Arithmatec sum of voltages of varoius coils of same phase 


360 P 

S q * P * 771 , a mec — , a etec a mec * 2 

. rq * a\ . rq*n*a\ 

sin I J - 2 — 1 sin I ■ - — 2 ) 

K d = Tak '• f or n harmonics K dn = f n*a\ 

q * sin r 2 ) q * sin ( — 2 — ) 

Kp Pitch factor : 

K p appears in chorded winiding only in doubly layer winding lap or wave 

Then it will be reduced by a factor Kp which means that the coil pitch is less than the pole pitch 

(3(chor ding angle) n(3 

K p = cos( ) for n harmonid K pn = cos(— ) 

K w = K p * K d if one of them isO then k w = 0 



Following the Graphs for the previous cases and the graphical 









(a) Exat.r.p current 


c 

A 





Ml 


Ch.6 Design Aspect of AC machines 


We mean by designing determining the following 

1-the main dimension of the stator 2-details of stator winding 

3- design details of rotor and its winding 4- Performance characteristics 




Output Equation : 


<2 = 3 V P hil V hi * 10 -3 (kVA) 



Q = 11 * 10 3 Z? * ac * K w * D 2 * L* n ( kVA ) 


<? = C 0 * D 2 * L* n (kVA) 
Cq = 11 * 10 -3 B * ac * K w 


How to determine the B ( magnetic Loading ) Value : 


Lower B 

Higher B 

Magnetization Current 

Iron Loss 

- PF 

Heating & Temp Rise 

Noise & Vibration 

Overload Capacity 

Size 

Cost 


B ( suitable Value ): 0. 3 0. 6 Tesla 





How to determine the ac ( specific electrical Loading ) Value : 


Lower ac 

Higher ac 

Copper Loss 

Heating & Temp rise 

Overload capacity 

Size 

Cost 


ac ( suitable value ) 


10,000 

17,500 Amp.Cond. /Metre 

Machine rating : up to 10 kW 

20,000 

30,000 Amp.Cond. /Metre 

Machine rating : up to 100 kW 

30,000 

45,000 Amp.Cond. /Metre 

Machine rating : > 100 kW 


Relation Between Machine speed and volume : 


( D 2 L represents the IM Volume ) ••• Volume oc — 

n 

Vol.i -> Cost l 


D 2 L = 


CnU 


n t 


Getting the D, L values: 


From 2 equations : 


D 2 L 

L 


= _Q_ 

C 0 n 

L * P 

nD 


->( 1 ) 
where if : 


L 

Tp ~ 

Good Overall Design 

L 

Good P.F 

— = 1 : 1.25 


Tp 


L 

— = 1.5 

V t 

Tp 


— = 1.5 : 2 

Economical Design 

Tp 



Length of air gap: 


g = 0.2 + 2 VDL (mm) ( where D (m)and L (m)) 


g Min = 0.25 mm and gMax = 2 3 mm ( /or meduim rating IM ) 


D (Rotor Diameter ) = D (stator ) — 2 g 





Net iron Length of the machine : 


L t = K t l =Kia-n v b v ) 

Design of stator: 

1- No . of stator slots 

nD 

r sg i =^~ 

tcD 

S ± (no of stator slots) = 

T sg 1 

for 3 — 0 machine have P — Poles -> S 1 = 3 q-^P 

Si 

where q 1 ( no of slots per pole per phase ) = — 


if q x ( integral )then winding is integral 

if q ± ( fractional ) winding is fractional slot winding 

X 

q-t ( fractional ) = - ; 

y 

no of pole pair divisible by y ; 
if double layer y divisible by 2 
then we go get S 1 new 


2- Total number of turns per phase ( N ph ) 

N h = Yllll 

v 4.44 * k w * 0i * / 

3- Total number of conductors ( Zf) 

Z 1 = 3 * 2 N pfl = 6 N pfl 

4- Number of conductors per slot ( N cl ) 






N cl — single layer winding ( odd or even ) 

N cl — double layer winding ( must be even ) 

N c i — Must be integral 

if not ( correct it to N corrected as integer then fix the values of ) 



Sheet 6 : 


1 - req : L ,D ,n v ,S 1 , N ph 

P = Q = 3.7 kW ; V phl = 4000 ; 3 - <p ;P = 4 ; / = 50 Hz ; delta 



B = 0.45 


Wb 

— - ; ac = 23000 ; 77 = 0.85 ; PF = 0.84 ; K w = 0.955 ; = 0.9 

m z 



